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ANATLYTICAT, STUDY OF THE COMPARATIVE PITCH-UP
BEHAVIOR OF SEVERAL ATRPLANES AND
CORRELATION WITH PILOT OPINION

By Melvin Sadoff, John D. Stewart,
and George E. Cooper

SUMMARY

The method of NACA RM A55D06 was used in an analytical study of the
comparative pltch-up behavior of six Jeb-powered swept-wing alrplanes.
The effects of severel importent varlebles, Including recovery control
rate, entry rate, and altlitude are assessed.

Also presented 1s e correlation with pilot opinlon of the computed
pltch-up characteristics for the slx alrplanes which had pltch-up
behaviors ranging from mild to severe.

INTRODUCTION

One of the important problems encountered in the design of swept-
wing elrplanes 1s that of insuring that the pltching moments do not
exhiblt destaebllizing tendencles with angle of attack throughout the
transonic Mach number range. Since avallasble data for most current swept-
wing sirplanes do exhiblt destabllizing tendencles 1n varying degrees,
it 1s evlident that this problem has not been satisfactorily resolved.
Pitch-up tendency has increased the possibllity of inadvertently exceedlng
the design wing and tall loads. It also has elther limlted conbtrolled
maneuvering to load factors below the pitch-up boundary or resulted in
a significant reductlion In controllabllity. It eppears deslrable, there-
fore, to have some method for predicting the alrplane motlons and the
assoclated pllot opinion from wind-tunnel data.
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In one of the first analytical studles relating to the pltch-up
problem (ref.l), & method was derived for studying some of the factors
affecting pitch-up behavior, such as the shape of the pltching-moment
curve, control motion, dynsmic pressure, airplene inertie in pitch, and
varying aerodynamic cherscteristiecs with Mach number, However, since the
control inputs used in this previous work dld not Include the effect of
alrplane motion feedback on pilot response, the method was not considered
generally appliceble to the present study. Therefore, a sultdble evaelu-
atlon maneuver was developed using a ground plich-up simlator with
experienced test pllots &8s operators. Detalled results of thils study are
reported in reference 2,

As an extension of the work presented in reference 2, the method was
applied to six swept-wing alrplenes for which pllot opinion was well docu-
nented. The anslytical results obtalned ere used herein to illustrate how
wind-tunnel date may be used to predict the pltching motions and the com-
parative pltch-up behavior of new alrplane designs or to assess the effects
of modifications on existing alrplanes. The results are also correlated
with pilot opinion in an attempt to determine the significant factors that
influence a pilot's over-all opinion of plich-up.

DESCRIPTION OF ATRPLANES

8ix jet-powered swept-wing ailrplenes, with sweep angles ranging from
35° to 45°, were included in this study. Five of the alrplenes studled
were fighter types and one was & bomber. Two-view drawings of these alr-
planes and their pertinent physical characteristics are presented in fig-
ure 1 and teble 1, respectively, One alrplane, the F-86A, was tested both
in the production configuration and with a wing modification comprised of _
blunt trailing-edge allerons which is described in reference 3.

METHOD

Evaluation Maneuver

The evaluatlion maneuver used to obtaln the basic time history data
of this report 1s the same as thet used in referemce 2. In this reference
a method was introduced for analytically studyling the pitch-up behavior
of an ailrplane by computing certain critical response quantitlies for an
essumed standard conbtrol movement by the pilot. This prescribed evaluation
meneuver, or pilot behavior, was based on & study of pllot reactlon times
and pitching-acceleration threshold characteristics determined from tests
in a modified Iink trainer. In this maneuver the pilot is assumed first
to apply nose-up longitudinal control at one of several constant rates,
corresponding to emtry rates into the pltch-up regiom, of 0.2, 0.5,
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and 1.0g per second. The onset of pltch-up 1s assumed to be detected by
the pilot when the pitching-acceleration response exceeds the pilot's
threshold levell of 0.15 radlan per second per second ebove the steady-
state value. During the pllot's response time of 0.l second he continues
to apply nose-up control at the initial rate, He then appllies corrective
control at one of several constant rates from 0° per second to the maximum
assumed for each case. At the higher recovery control rates, it was
assumed the stick wes moved to the forward stop, then held fixed. A repre-
sentative time history of this evaluation maneuver, as applled to one of
the alrplanes studled, is shown in figure 2.

It was found necessary to modify the evaluation maneuver slightly
for configurations with a pltch-up so mlld the pltching ecceleration did
not attaln the threshold value, For the B-4T alrplane it was arbitrarily
assumed. that corrective control was epplled at the time the peak pitching
acceleratlion was reached. The threshold value of pltchlng acceleration,
therefore, was that existing 0.4t second prior to the application of
correctlve control.

The control inputs used in this study were established for two alti~
tudes for each eirplane comsidered. The upper altltude, 35,000 feet, was
selected to correspond to that at whlch most of the stabllity tests were
performed on these alrplanes in flight and where most of the documented
pliot opinion was obtalned. The lower altltude chosen was that at which
the pitch-up region (defined herein as the angle of attack at which the
local OCmy 315 zero or a minimum) was just penetrated in & 6g (M = 5g)
maneuver for the fighter alrplanes. For the B-4T bomber, & lower entry
velue of 3g (An = 2g) waes chosen. For reference, the nomingl design load
factors are T.33g for the fighters and 3,.5g for the bomber alrplane,

Since flight experlence Indicated that the pltch-~up was generally
most severe at a Mach nunber of sbout 0.90 for the transonlc fighters
studied, computations were made for thlis speed. For the bomber, speed
limitetions dictated a somewhat lower Mach mumber (0.80) for the
computations,

Computation Procedure

FPor this study, a constant speed maneuver for a rigid alrplane In
quasl~steady flow 1ls assumed. The longltudinal equations of motion for
excursions from steady-state (n = 1.0g) fllight may be then written as

11t should be recognlzed that pltching accelerations which exceed
this threshold level during the inltiel transient phase of the maneuver
are dlsregarded, since the pllot would assoclate these values with hils
control input rather than pltch-up.

Y .s:z-':'.?::;dlizt-i-i."iil‘i‘:;&;i'
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cmv(f-c) = AZ(c)+ZgAD (1)
Tyb = AM(a)MiaMpb 0D (2)

A Reeves Analog Computer was used to obtain solutions to equations (1)
and (2) for the longitudinal control Inputs establlished by the method out~
lined in the preceding section. The nonlinear functions AZ{a) and AM(a)
were obtained in coefficient form from figure 3. Other important dimen-
sional and aerodynamic data are presented in tables I and II, respectively.
It should be noted that the values of Mg, Mj, Mg, and Zg were assumed
invariant over the angle-of-attack range, since data were not availeble
to define the varlations of these quantities with angle of attack.

It will be noted in figure 3 that the ummodified F-86A and the F-86F
alrplanes, which are almost ldemtlical dimensionally, heve pitching-moment
curves which differ consldersbly. It 1s belleved most of this aspparent
discrepancy is &ue to differences in wing leading-edge configuration.
The F-86A wing bas a slatted leading edge, while the F-86F considered in
the present analysis has the solld 6-3 leading-edge modification, which
consists of an extension of the wing leading edge 6 inches at the root
and 3 inches at the tlp. Another secondary reason is that in the deriva-
tion of the pliching-moment curves for these alrplanes from flight data
e constant control effectiveness was assumed. Actually, the elevator
effectiveness for the F-86A alrplane increased at the higher angles of
attack (due to a decrease in Mach nunber) so that the actual unstsble
break in the pltching-moment curve is slightly less than that shown in
figure 3. The effect on the computed dynamic behavior of the F-86A in
the pltch-up region 1s believed negligible, however.

The computed response quantities of primary interest include incre-
mentel angle of attack Ax, incremental load factors An and An', pitching
acceleration &, and incremental maneuvering tall load Alty. These
symbols and others used in this report are defined in Appendix A.

RESULTS OF COMPUTATIONS

Detelled results of the computations are presented in Ffigures L
through 9 for the six airplanes studied which_had pitch-up behaviors vary-
ing from mild to severe, These results cover the effects of several
importent veriables including recovery control rate, entry rate, and
altitude.

L
wire
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Bffect of Recovery Control Rate

Representative time histories of pltch-up maneuvers at 35,000 feet
for an entry rate of sbout 0.5g per second are presented In figure 4 show=-
ing the relative severity of alrplane motions during pitch-up for the
six ailrplenes considered. (The vertical lines in these figures indicate
the times at which the pitching-acceleration threshold was attalned.)
Generally, ae recovery control rate is increased, the angle-of-attack and
load-factor overshoots are decressed and the peak negative pltching
accelerstions (or positive maneuvering tail-load increments) are increased.
This is shown more clearly in figure 5 which presents the variation with
recovery control rate of four important varisbles, Acgyer, Mgyers A over:
and AL[-,'B' . In general, a point of diminishing returns is reached,

particularly for the alrplanes with more powerful controls, in that further
increase 1ln recovery control rate results in relatively emall decrements
in load factor while the tall loads contlinue to increase significantly.
These results may be useful in the preliminary deslgn stege for optimizing
the control-surface rate so that both the overshoots and the maneuvering
tall loads are minimized. For a glven alrplane an Ilncrease in recovery
control rate has the same effect on the overshoots end tail loads as an
increase in control effectiveness. Therefore, these date are also useful
for indicating whether increased control power would be useful for improv-
ing the pitch-up behavior of an airplane. For example, an increase in
control effectiveness on the F-84F alrplene by substituting an all-moving
stabilizer for the .elevetor would be expected to lmprove the pltch-up
behevior because of the mich more rapld decrease ln angle~of-attack and
load-factor overshootswith recovery control rate. However, it should be
recognized that a corresponding increase in the rate of bulld-up of
meneuvering tall-load increment with recovery control rate would also be
expected as cen be seen 1n flgure 8(b). Increasing the recovery control
moment avalleble by increasing the maximum down-elevator deflection would
not reduce the overshoots on the F-84F airplane since the peak load factors
are generally reached before the elevator has reached the existing limit
down deflection (figs. %(b) and T(b)). Also, the pesk tall loads would
be increased since the limlits imposed by the existing maximum down
deflection would be removed (figs. 5(b) and 8(b)).

Effect of Entry Rate

Figure 5 also shows that for constant recovery control rates, appre-
clsble increases In the attitude and load-factor overshoots generally occur
as the magnitude of the entry rate (feptry) into the pitch-up region is
incresased from 0.2 to 1.0g per second. Relatlively small effects on the

meneuvering tall loads are shown. .
]“ _._:“ggia.-;-i';dﬁ;"
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Figure 6 presents the variation with entry rate of the peak positive
pltching acceleration attained in these plitch-up maneuvers. In all cases,
en Increase In entry rate results in an increase in maximm pltching
acceleration and, consequently, an Ilncrease in the maximm destabillizing
moment (Iyemax) acting toc lncremse the overshoots.

Effects of Altitude

For flight conditlons where the pitch-up reglon 1s entered at load
factors close to the design values, both the wing and tall loads may assume
critical values. For cases where the pllot does not attempt to check the
pltch-up (zero or low recovery control rate), the alrplane load factor
may exceed the design values considerably. In cases where the pllot
abruptly attempts to check the piltch-~up (high recovery control rate), he
mey succeed in preventing critical wing loads, but the maneuvering tall
loads may then exceed deslgn levels. To illustrate this, the results of
computations for altitudes where the pltch-up region is entered at about
80 percent of the design load factor, that is, absolute values of
6g(An = 5g) for the fighter alrplanes and 3g (or An = 2g) for the bomber
alrplane, are presented in figures T to 9. These results may be compared
with those in figures 4 to 6, to show the effects of a decresse in alti-
tude,? or of an increase in the load~factor level at which the pitch-up
region 1s entered. Generally, because of the effects of incressed dynamic
pressure, the load-factor overshoots and maneuvering tail-load increments
are conslderably increased., With reference to the results shown in fig-
ure T, 1t may be seen that the deslgn load factors were generally exceeded
for all airplanes considered. The maximum computed sbsolute (An+l) values
range from sbout 9 to 10g for the F~-84F and F-86A airplanes to about Tg
for the F-100 airplene. The maximm computed meneuvering tall-loed incre-
ments at these higher dynamlc pressures elther spproached or exceeded the
design values for the F-84F and F-86A alrplanes,

Effect of Wing Modification

The effects of blunt trailing-edge allerons on the F-86A (ref.3) are
shown in figures 5(a) and 8(a). The effects on the 1ift and piltchi
moment characteristics are shown in figure 3. As shown in filgures ;%a.)
and 8(a) the blunt-aileron modification reduced the overshoots, at the
lower recovery rates, about 20 to 40 percent, while the maneuvering tail
loads were reduced epproximetely 20 to 30 percent. Note that the

2Tt should be moted the lower altitude was not the same for all air-
Planes spudied because of differences in both the Cp, where the local
Cm, 1s zero, and in wing loading.
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comparlsons are provided only for an entry rate of 0.5g per second. A%
the highest recovery control rates, the maneuvering tall loads were
increased slightly by the wing modlfication.

CORRELATTON WITH PILOT OPINION

In the preceding section, a detalled study of the pltch-up character-
1stics of six swept-wing airplanes wes made to 1llustrate how the longl-
tudingl dynamic behavior for sirplanes with nonlinear pltching-moment
characteristics may be predlcted from wind-tunnel data. Falrly well-
documented pillot opinion was gvalleble on these alrplanes from flight
experience obtalned at about 35,000 feet altitude. This pilot opinion
was obtalned from six NACA research pllots in the form of numerical ratings
for the ltems listed 1n teble III based on the pltch-up rating schedunle
in table IV. The one pllot who had flight experience in ell six airplanes
was also the Ames Aeronsutlcal ILaborstory research pilot with the most
flight experience with pltch-up. It was therefore decided to base the
correlation solely on the mumerlcal ratings he assigned to the slx eir-
planes (table V). Pllot opinion provided by the other five NACA pilots
1s shown in teble VI. In the followlng sections we will attempt to estab-
lish a correlation between the computed behavior of the six alrplanes and
the pilot oplnion ratings in table V.

It was gpparent from discusslon with the pllot that his opinion of
how mich pltch-up 1limits or restricts maneuverability (question V of
table III) represents the integration of a number of different factors,
and the relative lmportance of these factors may vary depending on the
flight enviromnment. Followlng were some of the identiflable factors:

(a) Angle-of-attack or attitude overshoot

This factor would be expected to assume primary lmportance at
the higher altitudes where the concern of the pllot is to malntein control
of the alrplsne In order to avold a stall or spin entry. It would dbe
expected that this factor would be of less dlrect lmportance where limiting
load factors are reached well before the alrplane stalls.

(b) Airplene load-factor overshoot
Thils factor 1s of concern under any circumstances, but assumes

Increased lmportance at lower altitudes or higher dynamic pressures where
the posslbility of overstressing the airplane during pitch-up is present.

(c) Abruptness of pitch-up

The primary factor characterizing this aspect of the pitch-up
appears to be the pesk posltlive pltching acceleration Smex. Examination

1Y
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of the computed time histories (figs. 4 and T) indicates that this factor .
generally occurs in the early portion of the pitch-up meneuver and 1s
generally independent of the rate of corrective-control application.

(&) Controllsbility

This factor 1s related to pilot opinion regarding his sbllity
to control the alrplane during pltch-up. . -

In order to arrive at a general pitch-up criterion, it would obviously
be desirsble to correlate with over-all pilot opinion a single parameter,
synthesized from the computed data, which completely integrates all of
the sbove factors. Since this dld not appear practicable, it was decided
to determine whether a useful criterion might emerge simply from an exami-
nation of several of the sgbove factors in turn. It will be noted in
table ITI that pllot opinion was obtained on a nmumber of different factors
including several of those listed above. For example, the pllots have
indicated that the attitude overshoot (item (a) a'borves is related to their
ratings of item IT(A) in table ITI. Also, the load factor overshoots are
directly related to item IV of teble III end, according to the pilots,
the peek positive pitching acceleration 1s related to pilot opinion of
the abruptness of pltch-up. Although the results are not shown, it should
be noted that there 1s a significant correlation between the ratings of
1tems IT(A) and IV and the computed values, at low recovery control rates,
of Agyer 8nd Angyer, respectively. However, 1t was desired to determine “
the extent to which these computed factors influence over-all pilot i
opinlon, so the following discussion is concerned mainly with correlation
of the computed overshoots and controllebility factors with an over-all v
pltch-up rating by the pllot based on item V of teble IIT.

Overshoots A

It seems reasonsble to assume that the overshoot in angle of attack
and eilrplane normal load factor are the two most important factors influ~
encing over-all pilot opinion, since they are e direct measure of alrplane
behavior during pitch-up. To illustrete this, figure 10 was prepared to
show & general relationship between the computed airplane angle-of-attack
and normal-acceleration-factor overshoots end the pllot's gemeral pitch-up
rating, based on question V of table III. The computed data are for an
altitude of 35,000 feet and for an entry rate of 0.5g per second, since
these were the flight conditions at which pilot opinion was formed during
research flights on these ailrplenes. These six alrplanes fall into three
groups according to actual flight experlence and figure 10 indicates that .
the overshoots place them in roughly the same order; that 1s, ’

(a) The F-86A and F-84F airplanes which have an over-all pllot rating I
of unsatlsfactory.
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(b) The YF-86D and F-86F alrplanes, which are rated as unsetlsfactory
but acceptable.

(c) The F-100A and B-4T airplanes, which are rated as marginally
satisfactory.

It willl be noted thet though the attlitude overshoots for the F-100 alr-
plane lle in the unsatisfactory~but-acceptable group, the pllot rated the
alrplane as margingelly satisfactory. Presumably this mey be attributable
to the lower alrplane load-factor overshoots at the lower recovery control
rates (fig. 10(b)).

In connection with the results in figure 10, a questlon arlses as
to whether the pllot actually forms his opinion over & limlted range of
recovery control rates. In an attempt to resolve this question, figure 11
was prepared to present a correlation of the computed attitude and load-
factor overshoots for varlous stick-recovery rex.'l:.eess with over-all pllot
opinion, The stick~recovery rates selected were o° per second, 10% per
second, 20° per second, end the maximum avellsble for each airplane,
Although no definlite quantitative resolution of the above gquestion results,
1t does appear thet the pllot froms his opinion of pitch-up behavior pri-
marily on the 'ba.sis of overshoots associated with low to moderate recovery
rates (Pto 20° per second) rather than those for the maximum rates he
could apply.

The correlatlon shown in figures 10 and 11 tends to conflirm the
assumption that the angle-of-atteck and load-factor overshoots are domi-
nating factors influencing a pllot's over-all pitch-up rating. By compar-
ing the critical computed overshoots with the corresponding computatlions
shown in filgure 10, a qualltative assessment may be mede of the probeble
severlity of pitch-up on a new alrplane configuration prior to actual flight
experience,

Controllebility Factor

In the precedling sectlon a slgnificant correlation was established
between over-all pllot opinion of plitch-up and the computed overshoots
for several reference sirplanes for whilch pilot opinion wes well docu-
mented. In the present sectlon, the controllablllity aspect of the pltch-
up is examined for two reasons. For cases where the exact overshoots and
tall loads are not required and vwhere it 1s desired to examine rapidly
the effects of a nunmber of eerodynamic modifications wlth a minilmum nunber
of compu'ber runs a.nd a minimun amount of a.na.lysis, a pi'bch-up cri'berion

8Tt was d.esired. to compare the orvershoots for f:Lxed stick-recovery
rates rather than control-surface rates, since the pilot ls probebly more
directly influenced by the airplane's response to the former.
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it will be shown that the overshoots and controllability of pltch-up may
be roughly estimated from wind-tunnel date wlthout performing the actual
similator studles,

From considerations presented in Appendix B, an attitude control-
lability factor was derived which may be given by the relationship

Restoring moments - Mastick

(C.F.)pq = Upsetting moments W

To obtein & controllabllity factor related to the pllot's ability to con-
trol alrplane load factor, the above relationship is simply multiplied
by W/Zu,' . These factors were computed for the slx reference alrplanes
and are plotted in figures 12 and 13 against over-all pilot opinion, The
values of é'mx used were taken from computed time histories at an altl-
tude of 35,000 feet and for en entry rate of 0.5g per second. Values of
Ma%?ick were related to Ms through the stlick gearing G.* The corre-
lation shown in figures 12 and 13 1s falrly good, indlcating that values
of controllability Pactor may be related to over-all pilot opinion of
pitch-up. The linear correlation shown in the semllog plot in figure 13
indicates that the pilot is more semsltive to changes in controllsbility
factor at low velues than he is to changes in high values. This is
apparently tracesble to the greater varlation of overshoot with control-
lability)fa.ctor at the lower values of (C.F.)aq and (C.F.)an. (8ee

fig. 1h.

In the early design stage where some of the detailed data necessary
for e complete simulator study are lacking, or where it mey be desired to
examine rapldly the effects of a mumber of eérodynamlc modifications with-
out performing the actuel simlator studies, a method is outlined in
Appendix G for estimating approximate values of controllability factor
and overshoot.

Additional Considerations

Effect of load-factor level.- An importent reservation should be
stressed in connection with the use of the correlation plote in figures 12
and 13, as well as figures 10 and 11, All flight experience from which
pllot's opinion was derived was obtailned at relatively high altltude where
the load factors experienced during pitch-up were moderate. It would
appear, in the first place, that at higher dynamlc pressures, where the
posslbility of overstressing the airplane is present, the alrplane

4+Tn several cases where the gearing varled with_surface d.eﬁec'bion,
the value corresponding to the surface deflection at. the time recovery
control was initiated was used. '
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load-factor overshoot wlll assume lncressed importance. Furthermore,

the pitch-up should probably then be assessed more from a loads standpoint
than from a pllot-~opinlion etandpoint. Thls aspect of the pltch-up problem
was touched upon 1n the first sectlon of thls report and is discussed 1n
some detall In reference 2.

Effect of other modes of motion.- Another lmportant consideration
1s that the correlation with pllot oplnion presented herein 1s based only
on the longltudinal dynamic behavior in the pltch-up reglon. For the six
airplanes considered in the present study, this mode of motion was the
predominating one for the flight conditlons selected for analysis; that is,
other modes of motion such as roll-off, dlrectionsl dlvergence or spin
entry were not suffliclently noticeable 1n the flight tests to influence
plliot opinlon. A quantitative assessment of these effects on pilot opinion
1s beyond the scope of this report. However, some information relating
pllot opinion of roll-off at low speeds to verlations in rolling-moment
coefficient is presented in reference 4,

CONCLUDING REMARKS

From the results of an analytical study of the pltch-up behavior of
slx swept-wing airplanes and a correlation of these results with pllot
opinion, the followlng concluding remerks were drawn.

l. Analytical techniques have been developed to study the factors
affecting the important alrplane response quantltles in pltch-up maneuvers.
These response quantitlies include:

(a) Angle-of-attack overshoot.
(b) Airplane load-factor overshoot.
(¢) Maneuvering tail-load increment.

2. For flight conditlons where the pltch-up region ls entered at
relatively low load-factor levels of the order of 35 to 55 percent of the
design value, a significant degree of correlatlion was established between
the megnitude of the computed angle-of-gttack and load~factor overshoots
and pllot opinion for six alrplanes with pitch-up behavlior renging from
mild to severe.

3. For flight conditions where the pltch-up region 1ls entered close
to the design loed factor, e method is described for estimating the range
of airplane load factors and meneuvering tall loads likely to be experl-
.enced in pltch-up maneuvers. The method assumes a realistlc evaluatlion
maneuver which partially integrates alrplane and pllot response,

’.‘ 1~ oL --.~ '-
.T"’.‘.".‘::Z’
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k, Bome of the detalled results of the present study are: ‘
(a) Generally, the effect of lncreasing recovery control rate p =

was to reduce the overshoots significantly, particularly for low to moder-
ate rates, and to increase the maneuvering tall-load increments. At the
higher recovery control rates, further increase in control rate resulted
in relatively small decrements in load factor while the tall loads
continued to build up appreciably. '

(b) Increasing the entry rate into the pitch-up region from 0.2
to 1.0g per second resulted in an apprecisble increase in the attitude
and load-factor overshoots, while relatively small effects were observed -
on the maneuvering tail-load increments. - o e

(c) At altitudes where the itch-up region is entered at an
absolute value of load Pactor sbout bg, the design load factors were
generally exceeded for most of the airplanes considered in this study.
At low recovery control rates, the maximmm absolute values ranged from
about 9 to 10g for the F-84F and F-86A alrplanes to sbout Tg for the F~100A
elrplene. The maxinum maneuvering tail-load increments elther approached B}
or exceeded the design values for the F-8UF and F-86A airplanes at the
highest recovery control rates considered.

5. Pllot opinion for the six ailrplanes considered in this study
indicated the following: - . )

(a) None of the airplanes were rated completely satisfactory.

(b) T™e B-47 and F-100A airplanes, which were considered to have
only a mild pitch-up tendency, had an over-all rating of marginally
satisfactory.

(c) The F-86F and YF-86D airplanes, which had moderate pitch-up
tendencles but powerful longitudinal controls, were rated unsatisfactory
but acceptable.

(4) The F-86A and F-84F airplanes, which had severe pltch-up
tendencies were rated as unsatisfactory.

Ames Aeronautical ILaborsastory ]
Natlional Advisory Commlttee for Aeronautics
Moffett Field, Calif., Apr. &, 1957
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Cr,(a)

Cmn(cx)

(C.F.)p

(C.F. )pn:
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APPENDIX A
SYMBOIS
L
alrplane 11ft coefflclent, T
curve defining variation of Cp with angle of attack
Lt
horizontel~tall 11ft coefficient
? My
alrplane plitching-moment coefficlent about alrplane center
of gravity, M_“_E
asSc

curve defining variastion of Cm wlith angle of attack
MsG
IyPmax
W

load factor controllability factor, (C.F.)m T

attitude controllabllity factor,

wing mean aerodynamic chord, £t
accelerstion of gravity, 32.2 £t/sec?

effective control-system gearling,

_d._egg:ee control-surface deflectlon
degree stlck deflection

pressure sltitude, £t
alrplane pltching moment of inertias, slug-ft2

paremeter denoting ratio of alrplane dampling to that of
horlzontal tall damping

dlstance from alrplesne center of gravlty to aerodynamic
center of horlzontal tall, £t

alrplane 11f%, 1b

horizontal-tail 11ft, Ib

I'Hu':-';‘r




meneuvering tell-load increment, -]-:é, 1b

alrplene mass, g-, slugs

moment about alrplane center of gravity, f£t-1b
airplane normal force, Z(a) + 238, 1b
airplane normal load factor, %

alrplane normal load factor due to a, E%‘-’-l
dynamic pressure, Eévf-, 1b/sq £t

wing area, sq ft

horizontel~tail area, sq £t

time, sec

alrplane veloclty, ft/sec

alrplane welght, 1b

alrplane angle of attack, degrees or radisns
flight-path angle, radians

elevator angle, degrees or radlans
stabllizer angle, degrees or radians
control~stick angle, degrees or radiens

increment from steady state (n = 1.0g) condition when
preceding a symbol, unless noted otherwise

downwash angle, degrees or radiens
horizontal-tail efficliency factor, %’-
angle of pitch, radlans

mass density of alr, slugs/cu £t

a
horizontal-tall lift-curve slope, —é;b-', per redlen

NACA RM ASTDOL



"

Cme g1 cic

M(a)

-, per radian

-, per radlan

——, per radlan

-, per radien

o per radlen
8

)

_Cm
dBgtick

() @) e e

, per radian

15

curve defining the variation of airplane pitching moment

with engle of attack

Mét<-gf->, £5-1b/radian/sec

Cmg,_GSE, £t-1b/radian

e

Cmg, 4S8, £t-1b/radlan
cmBstickqu’ f£t-1b/radian

"'%(%)t VB 1y
5

, £t-1b/radian/sec

M3, ft-1b/radian/sec

magnitude of unstsble break in pitching-moment curve
(See fig. 16.)

M)
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Z(a)

over

&

rec
entry

deslgn

Do M SOSSENTIGRS NACA RM ASTDOL

curve defining varlation of a.irpla.ne normal force with engle
of attack

average slope of Z(a) versus o« 3in pitch-up region
~Crg 95, 1b/radian
e

'CLa g8, 1b/radian
8

equlivalent notation for g’éﬁl

aZe
equivalent notation for a—_-b—

Subsecripts

corresponding to a specified value of pltchling acceleration
overshoot, refers to difference between pesk values of Ax

and An and values existing at time pitching-accelera’bion
threshold attained

threshold

maximim value

recovery phase of pltch-up maneuver
conditions Just prior to onset of plich-up

deslgn value
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APPENDIX B

DERIVATTON OF FACTORS RETATED TO THE FILOT'S ABILITY TO
CONTROL: ATRPLANE ATTTTUDE AND LOAD FACTOR

From the previocus discussion and examinatlion of the equations used
in the analog simletion, it eppears that the controllebility of pitch-up
wlll be & functlon of the relationshlp between the alrplane restoring
moments and the upsetting moments., An attitude controllebility factor
(Cc.F.) comprised of s nondimensional grouping of terms and representing
the d.oﬂ'na‘bing parameters may be deduced as follows:

Restori‘nimments
(C.F.)nx ® Upsetting moments

or
Correctlve control

Stebllizing pitching avallsble to pilot,

ts
moment following |+ mom.a? 21\ My (Sgticx) %
(C.F.), = \unstable break, M(a) Mgo + Mg stick ° rec
teing T =
LyOmax

To simplify the sbove expression the first two terms in the numerator were
neglected. A check of analog computer results indiceted that the term

retalned [Mastick(astiCk)r ect] is generally the most important fector,

particularly at the higher recovery control rates. The expression for
(C.F.)5, 18 then defined as

M55-'.-‘1@,&(58'|5:'|.(:'.|:)-_I._.ec'b
I

(C.F. )m -

This expression can be simplified stlll further, Since the assump~
tlon has been made that, followlng the application of recovery control,
the demping and stabllity moments have a relatlvely small effect compared
to the control moments, an equation of motion describing the ailrplane
motions reduces to
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which is the equation of & streight line with intercept Qpsy &nd slope
Mastick(astidi)rec' (See sketch.)

Recovery control
initiated at time zero

From the sbove sketch, the time Interval required by the plilot to regein

control of o (or approximately 8) may be given approximately by the
expression

ty = LySmax
MBs‘l::I.c:k(85'1'-3'-¢1i)rec:
or "
ty LyOmax
Mastick(éstick)rec

since ;max 1s relatively small, An attitude controllability factor
related Inversely to the time required to reduce the maximum desteblilizing
moment applled to the alrplane to zero could then be glven as
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Since pllot assessment of relatlve controllsbllity on different airplanes
is probably formed on the basis of fixed stick recovery control rates,
the attltude controllseblility factor may be simplified to the final
definition

MBgta cle

IySmax

To obtaln a controliebility factor related to airplane load factor, it
1s necessary to multiply (C.F.),, by W/Z,'.

(c.F. )m =

M svorrrrmeitan
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APPENDIX C

ESTIMATION OF CONTROLLABILITY FACTORS AND ATRPLANE ANGLE
OF ATTACK AND LOAD-FACTOR OVERSHOOTS

In figure 1k, a relationship between the computed controllability
factors (C.F.)A, and (C.F.)A,+ and the computed angle of attack and load-
factor overshoots 1s glven. e results are presented for flxed stick
recovery control rates and include data for all three entry rates con=~
sldered and for both an altitude of 35,000 feet and the altitude corre-
sponding to entry into the pitch-up region in a 6g maneuver. These data
wvere taken primerily from the results in figure 15 which shows the effects
of entry rate and altitude on the attitude and load-factor controllability
factors. The load-factor overshoots presented include only that portion
due to Z(a). The effects of ZgA® are not included. In order to esti-
mate values of C.F. and overshoot without performing the actual similator
studies, 1t is first necessary to determine values of 6Opgy. Flgure 16
presents a variation of computed values of (teken from the REAC
studies on five of the six reference airplanes) with values estimated by
the procedure shown in the sketch in figure 16. Results are again glven
for all three entry rates comsidered and for altitudes of 35,000 feet
end that corresponding to emtry into the pitch-up in a 6g maneuver. These
results suggest that 6,y can be estimated from wind-tunnel pitching-
moment date by the procedure indicated in the sketch in figure 16. If
Iy and Mgy &re kmown, values of (C.F.),, and (C.F.)o,: may then be

computed and the angle of attack and load-factor overshoots corresponding
to these estimated controllaebllity factors may be determined by referring
to the plots presented in figure 14, For cases where Mﬁg 1 ok varles
with stick deflection, the appropriate value of M8gti ek %o use is that
corresponding to the deflection required to masneuver %o point A in fig-
ure 16, (It should also be noted that for alrplanes which do not have
constant My with o, thils procedure does not appear to be applicable).

Since an inspection of the computed results indicated that 64, was
generally attained at about the angle of atteck where the local Cm, first
becomes zero (point A in the sketch on fig. 16), the peak angles of attack
and load factor may be determined by adding the overshoots to the values
.at this angle of attack.

It should be pointed ocut that this procedure for estimating values
of comtrollability factor and overshoot assumes that 6p5x 18 dependent
only on entry rate and is invariant with recoverycontrol rate for a glven
pltching-moment curve M(ax). Analog results for the six alrplanes con-
sidered in the present study (figs. 4 and 7) appear to Justify this

assumption.




NACA RM AS5TDOL

REFERENCES

1. Campbell, George S., and Well, Joseph: The Interpretation of Nonlinear
Pitching Moments in Relation to the Pltch-Up Prcblem, NACA RM L53I02,

1953.

2. Badoff, Melvin, Matteson, Frederlick H., and Havill, C. Dewey: A Method
for Evaluating the Loads and Controllability Aspects of the PitchUp
Problem. NACA RM A55D06, 1955.

3. Bedoff, Melvin, Matteson, Frederlck H., and Van Dyke, Rudolph D., Jr.:
The Effect of Blunt-Tralling-Edge Modifications on the High-Speed
Stebllity and Control Characteristics of a Swept-Wing Fighter
Alrplene. NACA RM A5LC31, 195k,

k. Anderson, Seth B.: Correlation of Flight and Wind-Tunnel Measurements
of Roll-Off in Low-Speed Stalls on & 35° Swept-Wing Aireraft. NACA
RM A53G22, 1953.

5. Budish, Nathan N.: Longltudinel Stebility at High Airspeeds. (Model
XB-4T). Document No. D-8603, Boeing Alrplane Co., Feb. 29, 1952,




TABTE I.- PHISICAL CHARACTERISTICS OF THE SIX AIRFPLANES

YA
Mroraft | (both unmcified r-gar -850 T-96r F-1004
? Ttem allerona) omfiguratian) grraticn) oorfi guration) . ) r_
r wns
x’ Mobal ares, 80 fE . 4 4 . b e e s e e e 287.9 3 287.9 02,3 3.2 k28 ‘é
O, Pt . 4 s e« e s s e n s e n e e e 3T.1 33.6 37.1 37.1 usé
Mean ssrodynamio choard, fH o « o o o+ 4 o 8.08 10 8.08 8.48 J.'I..:g J.Ezs
Aspoot Tatio . . 4 o 0 s e b s e m e 79 R h.TO k.55 3. 9.43
Bper TR0 . . . . e e m b e e e e 0.5 0.779 0.5 0.5 0.960 0.k
Sweopback of SS-peromt chord line, deg .23 ko 35.23 35 45 35
Horizontal teil
Motal axres, 80 I . . . . b .- n e s s 9%.99 5.8 ?3.9 .9 98.9 268 3
Span, £t 12.75 .1 .5 12.8 18.78 33
Nexisom steldliner or elevator deflection, deg -35 o +15 =27.5 to 5 =15 bo +8 -2 bo +T to 45 | -P9 to 415
Control stick to ooantrol surface i:1 1:1.19% 11 %1:0.65 b 111.3
Pail, lengkh, horizcabal, £6 . . . . . - . 18.25 19.8 15.7 18,25 1 k5.5
Mrﬂn'm, 1 [ NN B A I e B m,m ls’m ll",]m ]-a,w ﬂ',m m,m
AdTylone mess, BIOZE . ¢ 4 2 0 - s 5 o s 0 o n s 3B 208 k38 ho3 Tho 3,57
Adrplane monent of inartis in pitch, slng-ft° . 17,h80 33,30 27,000 18,200 28,100 1,480,000
Center of gravity, paroamt & . . . . . , o = & 225 2.5 o.3 23.9 k4 =

Syor thass cases whare the combrol gearing varded with stick deflection, the veluss given are syprocimsbsly those for the stick dsflection Jnst
prior to appliostion of forwerd (recovery) daflections.

HOQLEY WY VOV
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N\ Mmmlme|  pgé ,
(ummodified F-54F ; F-86F g
\ and blunt (ﬂm“;‘- (mgﬂﬁ (6~3 leading- ]!'(:-539'L B4
tradling o ~edge c‘on‘“n"'o?‘nmgli‘"zu"ﬁim ) configuration) edge o1, configuration)
(o) Figure 3 Figure 3 Figure 3 Figure 3 Figure 3 Flgure 3
Or,(e) Figure 3 Figure 3 Figure 3 Figure 3 Figure 3 Figure 3
Ong 0.246 0.273 1,09 0.891 0.686 1.26
Cry 0.109 0,138 0.560 0,41k 0.546 0.832
-cm(g .69 7.84 6.15 4,05 5.29 22,5
)
0.83 3.4 1.08 0.7T1h 1,91 5.6

g
8
=
i
%
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TABIE ITI,- QUESTIONNAIRE FOR PILOT PITCH-UP RATING

Is pitch-up region useful at all for maneuvering? Yes or No.,
Conslder the following situatlons:

A, If you are tracking a target alrplane and enter the pitch-up
region, what is your assigned rating of your ability to
return to or remain on the correct flight path to continue
the tracking?

B. If you have entered the pltch-up region during a gunnery run,
what rating would you glve the alrplane as & gun platform in
the pltch-up region?

C. If rating for A and B 1s poor, is reason other than Ilnsuffi-
clent or inadequete controllabllity?

D. How would you rate this alrplane wlth regard to the ‘tendency
for a pllot to apply rapld and perha.ps excesslve control
during pltch-up recoverles?

Rate the pitch-up according to ebruptness. (What is response
quentity which you feel is related to the abruptness of pltch-up?)

Rate the pitch-up according to overshoot load factor. (What is
your definition of overshoot load factor?)

What rating do you asslgn the eirplane with regard to how much
pléch-up restricts or limits maneuverabllity of the airplane?




)

NACA RM A5TDOL

TABLE IV.- PILOT RATING SCHEDULE FOR PITCH-UP

0 BSatlsfactory -~ Satisfies stabllity and control requirements,

Marginelly Satisfactory - Pltch-up barely perceptible. Does
not spprecisbly diminish usefulness of the
alrplane 1n performing a desired task.
Abruptness of slrplane response and over-
shoot in attitude or load factor during
pltch-up not much increased over comparable
satisfactory alrplane., Idttle tendency for
the pllot to apply rapld end excesslve
corrective control.

-

Unsetisfactory but Accepteble - Pltch-up is more epparent. More
or less difficulty experlenced in performing
the desired task. Abruptness of alrplane
motlion end overshoot in attltude or load
factor during pitch-up comsldersbly increased
over that for marginally satisfactory ailr-
plane. There may be some tendency for the
pllot to apply raepld and perhaps excesslve
corrective control.

Ul =W

Unsetisfactory - Pltch-up severe ranging from controllseble
only wlth the greatest difficulty to practli-
cally uncontrollable. Abruptness of alrplane
motions during pltch-up approaching degree
where pllot feels he has little or no control
over the overshoots In attitude or loed factor,
which are relatively large., Increased tendency
for the pllot to apply rapld and excesslve
correctlive control.

@3 O\

Une.cceptable ~ Pltch-up so severe that airplane ls uncon-
9 trollable. The abruptness of the alrplane
10 motions and the magnitude of the overshoots
are s0 extreme, even at high altitude, that
the pllot would not comslider approaching the
pitch-up boundary because of concern for the
structural integrity of the alrplene. Some
posslblilty of entering Into a spln or other
unusual maneuver from which recovery may be
difficult or impossible.




NACA RM ASTDOL

TABLE V,- SUMMARY OF PILOT "A" PITCH-UP RATINGS

ItemAirplane r-g6a |7-80A |r_gur | yr-86D | P-86F | F-1008 |  B-b7
I No EY:: 2. | ¥ Yes Yes Yes Yes
TT(A) 8 6 7 3 b 3 2
II(B) 8 T 8 6 6 3 Not rated
II(C) No No | W No No No Not rated
I1(D) 8 T T 5 6 2 Not rated
IIT 8 6 8 6 T 3 2
v 8 T 6 5 7 4 2
v 8 6 T 4 L 2 2
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TABLE VI.- SUMMARY OF PITCH-UP RATINGS FOR PILOTS B TO F

Alrplene
F-86A | F-86A
Ttem | Pllot| ~20 | " o5, F-84F | YF-86D | F-86F | F-100A | B-4T
B No - Ro Yes Yes - -
Cc - - Ro - - - -
I D - No " No - No No No
B - - - - No - No
F - - No - No -
B 8 - 9 I 5-6 - -
c - - 9 - - -
z(a)| D - L 8 - L 2-3 2-3
E - - - - 3 - 2
F - - k-5 - 2-3 - -
B 9 - 10 T 8 - -
c - - 9 - - - -
II(B)}] D - 8 6 - 8 2-3 6
E - - - - 6 - 5
F - - L5 - 2- - -
B No - No No ra%gd -
c - - No - - -
IT(C) D - No No - No No No
B - - - - No - No
F - - No - No -
B 2«3 - 1 4 7 - -
c - b 9 - - - -
II(D) D - 2-3 5-6 - 2-3 1 1
E - - - - 4 - 1
P - - 45 - 2-3 - -
B T - 8 4 7-8 - -
o] - - 10 - - - -
IIT D - 4 5 - 4 1 2
E - - - - s - 1
F - - pl - 3 - -
B T - 6 3 5 - -
c - - 8 - - - -
v D - 6 7 - 6 1 2
E - - - - 4 - 3
F - - 5 - 3 - -
B 8 - 9 5 5 - -
c - - 9 - - - -
v D - 8 9 - 8 2 2
E - - - - 5 - 3
F - - b5 - 2-3 - -
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F-86A
F-84F

3712
3358

F-86F

Figure 1.~ Two-view drewings of the six alrplanes considered in the
Present study,

s
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l [ T 1]
Initial control i Recovery control
-20 (nx 05g/sec) < (rote is test variable)}—
Incremental elevator
position, A3y, deg >
-1 T I
T Pilot response time
0 {04 sec)
10 - Full down
Incremental angle of [ slevetor
attack, A a, deg N
A
T | Angle of atiack
0 overshoot
q f
I
incremental airplane AN
load factor, An, g N
| T Airplane load factor
0 1]: overshoot —
Incremental airplane AN
load factor due to 2 — \
angle of attack, An', g — — T C_Airplane load factor
o) overshoot (stick fixed}__
l Pitching acceleration thresholdy| ﬂ
—  (0.I5 radians /sect)
ve d-._d:
Pitching acceleration, 8,
radians/sec? |
_2 IA
4,000 ‘ n‘
Maneuvering tail-

load increment, 0 H !
(ALté,, ib) oximum maneuvering

" tall load increment
_4,0000 1 1 L ] 1 L ]

I 2 3 4 5 6 7 8 9
Time, sec

Figure 2.- Time history of stendard pitch-up maneuver as applied to the
FP-84F airplene at 0.90 Mach mumber and 35,000 feet.
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> F-86A F-84F
Unpublished flight date Unpublished flight data
C, | rCL CL—
=
0 = F\
\ “(Modified) NTT S
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-2 Sg = 1.0° — 8= 0° Y
=3
A YF-86D F-86F
Unpublished flight data Unpublished flight data
C
GL ] B /(GL //j L
ok
\\_’\ Gm
~N \\<'Cm
Cm -l
-2
> F-100A B-47
Unpublishad flight dato Reference 5
C C
c | /L £ L
L // /
- /
o)
e .
AN B2 By
C =l c ho(Low alt)
m ~ 5 \-(High alt.)
o | [ ]

o) 10 20 30 o 10 20 30

a, deg

a, deg

31

Figure 3.~ The varlation of 1ift end pitching-moment coefficlents with
angle of attack for the six sirplanes.
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"IO ﬁ \
\
A3,, deg > 7! \\
ol
\
I
il \
10 -t Full down
20 HIR elevator
Aa,deg 10 I ,’\\
/:\_ 1
4 Y]
o ]
8 $ Perac
———= 10°/sec
— — 20°/36ec
6 — -— 45°/sec
~——=— 75°/ seC
An, g 4 Y
[l
2 VA
[
0
2
|
o[ —H
. )
6, radians/sec? i
b
-2 ‘ '\u
ey
W\
-4
0 2 4 6 8
Time, sec

(a)

Figure 11-.- Computed time histories of pitch-up maneuvers at 35,000 feet;
fentry = 0.5g/second';. Nentry ~ 35- to 55-percent ndegign.
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A3, deg

A a, deg

An, g

g, radians/sec?

-20
// A
4 ] \
-10 \
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(o] 1
i
ML}
10 |l‘. ~Full down
] \\‘ [ elevator
20 .
T
- e
Wiy
i “‘? \‘
o | A" \ )
10
Srec
0°/sec
8—1—T—1t e = 10%/sec
—_—— — 20%/sec
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6 —_—————— T5°% gec
—_————— |50%/38¢C
4
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A
d |
= |
o I
)
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| y
-2
-4
(o] 2 4 6 8
Time, sec

(b) F-8UF; Mnentry = 2.0g
Figure 4,.- Continued,
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(c) !F-86D} A'D.entry - 1.93
Figure 4, - Continued,
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A3y, deg

Aa, deg
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(d) F-86F; Anentry = 3.lg
Figure 4, - Continued,
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-10
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(e) F-100A; Mnentry = 2.kg
Figure U4,- Conbtinued,
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(a) F-864; Mentry = 1.5 -

Flgure %5.- Variation of the computed overshoots in angle of mttack and load factor end of the
maneuvering tail-load increment with recovery control rate at 35,000 feet for several entry

retes; Dentry » 35- to 55-percent Dndesign.
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(b) F-84F; Anentry = 2.0g
Figure 5,- Continued,
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